Hexamethylene bisacetamide (HMBA) and DMSO are known to induce differentiation of cultured erythroleukaemic cells and to enhance the reactivation of latent herpes simplex virus (HSV) after explantation of ganglia. We report that the presence of these compounds in cell culture medium overcomes the replication defect of in1814, an HSV-1 mutant with an insertion mutation that inactivates the virion transinducing factor, Vmw65 (VP16). The effect of HMBA was not cell type-specific and was attained even by a short exposure (1-5 to 5 h) to the agent early after infection. The presence of HMBA resulted in an increase in immediate early (IE) RNA accumulation after infection of cells in the presence of cycloheximide, such that RNA levels in inl814-infected cells approached the values observed in wild-type HSV-1-infected cells in the absence of HMBA. Transport of viral DNA to the cell nucleus was not affected by HMBA. The results suggest that HMBA-and DMSOmediated enhancement of reactivation from latency is due to an increase in IE RNA production. In addition, these studies demonstrate a primary effect of HMBA on gene regulation which may bea paradigm for initial events during erythroleukaemic cell differentiation.
Introduction
Cultured erythroleukaemic cells can be induced to differentiate to a terminal erythroid phenotype by addition of various chemical agents, hexamethylene bisacetamide (HMBA) and DMSO being the most commonly used (Friend et al., 1971 ; Reuben et al., 1980; Marks et al., 1987) . Upon induction, a complex reprogramming of transcription ensues, ultimately resuiting in a selective and dramatic increase in the transcription of a-and flmaj-globin genes. Although considerable effort has been directed towards investigation of the regulation of globin gene transcription in erythroleukaemic cells, an understanding of earlier changes in gene expression leading to differentiation and activation of globin genes is also required (Ramsay et al., 1986; Marks et al., 1987; Razin et al., 1988) . A decrease in c-myc and c-myb mRNA levels, an increase in c-fos mRNA and a transient rise in p53 mRNA are observed within the first 4 h of induction (Ramsay et al., 1986) . The consequent decrease in c-myb protein concentration, in particular, is thought to be important for differentiation Richon et al., 1989) . Rapid changes in phosphoinositide turnover are observed after induction, together with a decrease in protein kinase C levels (Faletto et al., 1985; Melloni et al,, 1987) . As yet, no genes activated as a primary response to induction have been identified, although it has been shown that transcription from a variety of promoters, on plasmids transfected into ceils by electroporation, is stimulated by addition of inducing agents (Campbell et aL, 1990) .
In a separate context, HMBA and DMSO are of interest because addition of these compounds facilitates reactivation of herpes simplex virus type 1 (HSV-1) or type 2 (HSV-2) in animal latency models (Whitby et al., 1987; Leib et al., 1989) . After primary infection of humans with HSV, the viral genome remains in a quiescent (latent) state in neurons of sensory ganglia, from which it can be reactivated by various humoral or peripheral stimuli (Roizman & Sears, 1987; Stevens, 1989) . The phenomenon can be reproduced in animal systems, although it is often necessary to explant ganglia in order to induce reactivation of virus replication. At present, the molecular mechanisms that control the establishment of latency, by blocking lyric infection of neurons, or reactivation, by promoting renewed virus gene expression and replication, are unknown. After establishment of latency following infection with wildtype (wt) virus, the efficiency and speed of reactivation after explant of ganglia was increased if HMBA or DMSO was included in culture medium, but no effect of these agents was observed on virus replication in tissue culture cells (Whitby et al., 1987; Leib et al., 1989) . After infection of mice with an HSV-1 mutant having a deletion of the gene encoding the immediate early (IE) protein Vmw110 (ICP0), reactivation from latency occurred only when DMSO was present (Leib et al., 1989) . The effects of HMBA and DMSO in these systems have been attributed to demethylation, for two reasons. First, addition of 5-azacytidine or L-ethionine also improves reactivation of latent HSV (Whitby et al., 1987; Stephanopoulos et al., 1988) , and second, during induction of erythroleukaemic cells, a transient decrease in 5-methylcytosine levels occurs (Razin et al., 1988) .
We report here that the presence of HMBA or DMSO dramatically alters the biological properties of the HSV-1 mutant inl 814, an isolate that is impaired in its ability to activate IE transcription. Mutant in1814 contains a 12 bp insertion in the coding sequences for a virus structural protein, Vmw65 [VP16, encoded by gene UL48 (McGeoch et al., 1988) ], that trans-activates the first set of genes to be transcribed after infection, the IE genes (Post et al., 1981 ; Campbell et al., 1984; Ace et al., 1988 Ace et al., , 1989 . Vmw65 forms a multiprotein complex that binds to the target sequence TAATGARAT (R = purine) by interacting with the protein oct-1 and at least one other cellular factor (O'Hare & Goding, 1988; Preston et al., 1988; Stern et al., 1989; Katan et al., 1990; Kristie & Sharp, 1990) . The acidic activating region located at the C terminus of Vmw65 is thus brought into proximity with basic transcription factors, resulting in a stimulation of IE RNA synthesis (Sadowski et al., 1988; Triezenberg et al., 1988) . The insertion in in1814 prevents formation of the multiprotein complex and as a consequence in1814 is impaired in the ability to initiate infection at low m.o.i., due to inadequate accumulation of IE proteins (Ace et al., 1989) . The detrimental effect of the mutation is most conveniently quantified by consideration of the particle : p.f.u, ratios exhibited by virus stocks; for wt HSV-1 (strain 17), this value falls within the range 5 to 50, whereas for in1814 it is approximately 3000 on BHK cells and even greater, between 10000 and 50000, on human foetal lung (HFL) cells (Ace et al., 1989; Harris & Preston, 1991) . Virions of in1814 that fail to initiate productive infection are nevertheless capable of establishing latency in the mouse (Steiner et al., 1990) and in tissue culture cells (Harris & Preston, 1991) .
We have found that HMBA and DMSO are able to reverse the phenotype of in1814 in tissue culture cells, such that replication rather than latency is the normal outcome of infection, and present here a characterization of the effect. The results suggest that a direct stimulation of IE transcription, rather than demethylating activity, accounts for the improvement in reactivation of latent HSV.
Methods
Chemicals. All chemicals were obtained from Sigma, and dissolved in cell culture medium at a suitable concentration freshly for each experiment.
Cells and virus. BHK, HFL (Flow 2002) and HeLa (Flow) cells were propagated as described previously (Ace et al., 1989; Everett, 1989) . HSV-1 strain 17 mutants in1814 and dl1403, plus 1814R, the rescued 'revertant' of in1814, have been described previously (Stow & Stow, 1986; Ace et al., 1989) . Mutant in1825 contains the Moloney murine leukaemia virus enhancer and promoter (Lang et al., 1983) in place of the Vmwll0 promoter, in an otherwise wt HSV-I genome. The construction and characterization of in 1825 will be described elsewhere (C. M. Preston, unpublished results).
Titration of HSV.
Tenfold dilutions of virus suspension (0.2 ml) were added to cell monolayers on 30 mm diameter dishes. After incubation for 1 h, to allow adsorption and penetration of virus, 2 ml of culture medium containing 5 ~ human serum in place of bovine serum (EHu5) was added. Routinely, additional reagents were added after the 1 h period.
Analysis of RNA levels. Cytoplasmic RNA was extracted, applied to nitrocellulose using a dot blot manifold, and analysed by hybridization to probes specific to four of the five IE genes (Ace et al., 1989) . A 0.87 kbp fragment representing the mouse ),-actin coding sequences was excised from plasmid pMG 1 (Peter et al., 1988) , kindly provided by Dr D. Leader.
Analysis of protein synthesis.
Cell monolayers were radiolabelled with [3sS]methionine, and proteins were analysed by SDS-PAGE as described previously (Preston, 1979) .
Uptake ofHSV DNA. Quantification of input genomes in nuclei was assessed by extraction of DNA, cleavage with BamHI and Southern hybridization, as described by Ace et al. (1989) . The probe was a mixture of pTK1 (Wilkie et al., 1979) and pMC17 (Ace et al., 1988) , radiolabelled with 32p by random primer extension (Feinberg & Vogelstein, 1983) .
Results

Effect of HMBA on in1814
Titration of in1814, and the rescued 'revertant' 1814R, was carried out on HFL cells, with various concentrations of HMBA included in the culture medium after a 1 h adsorption and penetration period (Fig. 1 a) . A large increase in titre was observed with increasing concentrations of HMBA, reaching a value of 500-fold at the optimum of 5 mM. At this concentration, HFL cells were slightly elongated but otherwise morphologically normal, whereas evidence of cell degeneration was observed at 7 mM-HMBA. Titration of in1814 in the presence of 5 mM-HMBA reduced the particle :p.f.u. ratio from 30000 to 60, a value close to that routinely observed for wt HSV-1 preparations. The titre of 1814R was virtually unaffected by the presence of HMBA. To test whether the effect of HMBA was specific to HFL cells, in1814 and 1814R were titrated on BHK and HeLa cells in the presence or (Fig. 2) . The presence of H M B A did not significantly alter the polypeptide profiles of mock-(lanes 1 and 2) or 1814R-infected (lanes 3 and 4) cells, but changed the pattern in inl814-infected cells (lanes 5 and 6) to resemble 1814R-infected cells rather than mock-infected cells.
The presence of 3 mM-to 5 mM-HMBA, the optimum concentration for induction of erythroleukaemic cell differentiation (Reuben et al., 1980) , therefore increases dramatically the titre of in1814, enabling the mutant to initiate infection almost as efficiently as wt HSV-1. 
Effects of DMSO, hypoxanthine and 5-azacytidine on in1814
The effect o f two other agents known to induce erythroid differentiation on the titre of in1814 was tested (Table 1) . D M S O , like H M B A , is a polar-planar compound whereas hypoxanthine is not strongly charged. Both compounds significantly increased in1814 titre at concentrations shown previously to be optimal for differentiation (Gusella et al., 1976; Reuben et al., 1980) , but they were not as effective as H M B A . Addition of 8 ~tM-5-azacytidine decreased the titre of inl 814, especially when present prior to and after addition of virus, whereas little effect was noted on the titre of 1814R (Table 2) . 
H M B A exerts its effect transiently, early during infection
For the experiments shown in Fig. 1 , H M B A was present from 1 h after addition of virus until the monolayers were stained, usually 2 days later. The time of exposure Mutant in 1814 was titrated on HFL cells, and EHu5 containing 5 mM-HMBA was added after adsorption and penetration. At various times, the medium was removed, monolayers were washed twice with EHu5 and overlaid with EHu5. required for maximum effect was investigated. It was first ascertained that pre-exposure of cells to 5 mM-HMBA for 2 h or 5 h immediately prior to infection gave no stimulation of plaque numbers, provided the monolayers were washed thoroughly before addition of virus (results not shown), demonstrating that HMBA does not act by inducing stable cellular alterations. The time of exposure after infection was therefore varied (Fig. 3) . It was found that only 1 h of treatment with HMBA gave a large increase in titre, and that retaining the agent until 5 h post-infection was as effective as maintaining it throughout the titration. HMBA therefore exerts its effect early during infection, and is only required transiently.
The time of HMBA addition after infection was the next variable investigated (Fig. 4) . A steady decline in the response was observed; by 6 h after infection the addition of HMBA was without effect. Cells infected with in l 814 thus rapidly become refractory to activation of the viral genome by HMBA.
Addition of HMBA stimulates IE RNA production
The finding that HMBA raises the titre of in1814, which is known to synthesize reduced levels of IE RNAs (Ace et al., 1989), and that it acts early in infection, suggest that the agent acts by increasing the amounts of IE RNAs, and hence IE proteins. HFL and BHK cells were infected with 100 particles of in1814 or 1814R per cell and incubated for 5 h in the presence of cycloheximide, with or without the addition of 5 mM-HMBA. Cytoplasmic RNA was isolated and analysed by dot blot hybridization, using radiolabelled IE gene-specific probes (Fig. 5) . As found after infection of BHK cells (Ace et al., 1989) , inl 814-infected HFL cells accumulated lower levels of IE RNAs than 1814R-infected ceils (Fig.  5a ). Incubation with HMBA resulted in an increase of approximately threefold in IE RNA accumulation, bringing the levels close to those found in untreated, 1814R-infected cells. Actin RNA levels were not significantly affected by HMBA. Similar results were obtained using BHK ceils (Fig. 5b) , although the effect on IE RNAs 2 and 3 was less than that observed in HFL cells. The effect of HMBA on the titre of inl 814 can thus be explained by an increase in IE RNA accumulation.
HMBA does not affect transport of viral genomes to the nucleus
To investigate whether HMBA increased transport of in1814 DNA to the nucleus, HFL monolayers were infected with 100 particles of in1814 per cell in the presence of cycloheximide, and cultured with or without 5 mM-HMBA. Nuclear DNA was extracted after 3 h, cleaved with BamHI, blotted and probed with a mixture of radiolabelled pTK1 and pMC17 (Fig. 6 ). The intensity of hybridization to the three expected bands (5 and 3 kbp from pMC17, 3.5 kbp from pTK1) was unaffected by the presence of HMBA in the culture medium, demonstrating that HMBA does not increase transport of in1814 DNA to the nucleus.
HMBA does not replace VmwllO function
Previous work demonstrated that plaque formation by in1814 was increased by up to 10-fold when Vmw110 was provided in trans by plasmid transfection (Ace et al., (Stow & Stow, 1986; . To investigate whether addition of HMBA could compensate for the absence of Vmw110, its effect on dl1403 was examined (Table 3) . Although a sevenfold increase in titre was observed, the effect was not comparable to that obtained with in1814. Mutant in1825 has the Vmwll0 promoter replaced by the Moloney murine leukaemia virus enhancer and promoter, an element that is not utilized efficiently in HFL cells (C. M. Preston, unpublished results), thus in1825 effectively behaves like dl1403 on HFL cells. Again, HMBA gave only a limited (fourfold) increase in titre. These results demonstrate that HMBA does not substantially compensate for the absence of Vmw110.
Discussion
The experiments described here demonstrate that a dramatic reversal of the phenotype of in1814 can be achieved by addition of 5 mM-HMBA to cell culture medium. At this concentration, although cell division appears to cease, the agent is not cytotoxic and may be used on a variety of cell types. Apart from theoretical considerations, the effect of HMBA is of practical value, since a short exposure of the agent allows in1814 to be propagated and titrated almost as efficiently as wt HSV-1. Previously, complementation with u.v. lightinactivated HSV, a more cumbersome procedure, was necessary to assay inl 814 particle production by titration (Ace et al., 1989; Steiner et al., 1990) . The effect of HMBA in HFL cells is presumably on pre-existing cellular or viral components, since the agent is ineffective if added and withdrawn immediately prior to infection but can act on IE RNA levels in the presence of cycloheximide. Modification of proteins, perhaps as a consequence of alterations in protein kinase C levels (Melloni et al., 1987) , is a plausible mode of action, but it is equally possible that the compound, or metabolities derived from it, act directly on cellular or viral macromolecules. Demethylation of DNA is unlikely to be involved in the activity on in1814, for a number of reasons. First, HSV DNA is not methylated (Low et al., 1969) , thus a direct effect on the template is improbable. Second, it is difficult to envisage how demethylation of cell DNA without subsequent protein synthesis could affect HSV gene expression. Third, loss of 5-methylcytosine in erythroleukaemic cells does not commence until 3 h after addition of HMBA and reaches a maximum level at 6 h (Razin et al., 1988) , yet 3 h exposure is sufficient to give an almost complete increase in in1814 titre. Finally, 5-azacytidine did not mimic the effect of HMBA but reduced the titre of in1814.
Uptake of input virus DNA to the cell nucleus is not altered by HMBA, thus the most likely events affected are uncoating or IE transcription. Little is known in detail of the mechanism of uncoating, but a hypothesis that HMBA affects this process presupposes that in1814 is defective in uncoating. Previous experiments have shown in1814 can be complemented completely by supply of Vmw65 in trans and partially by provision of Vmw110 through plasmid transfection (Ace et al., 1989) , observations that are difficult to reconcile with an uncoating defect. Furthermore, in view of the known involvement of Vmw65 in activation of IE transcription, it is most likely that the reduced accumulation of IE RNA observed after infection with in1814 is due to impairment of transcription. It follows, therefore, that HMBA probably acts by stimulation of IE transcription.
It has recently been reported that HMBA enhances the replication of HSV in IMR-32 human neuroblastoma and HEp-2 cells after infection at low m.o.i. (Yura et al., 199 I) , and that HMBA improves' spontaneous' reactivation of HSV-2 from infected IMR-32 cells (Kondo et al., 1990) . From the studies presented here, it is likely that these effects are due to stimulation of IE gene expression by HMBA.
The loss of responsiveness of in1814 to HMBA is reminiscent of the progressive insensitivity to complementation by Vmw65 observed previously (Harris & Preston, 1991) . As discussed in that report, in the absence of sufficient IE protein production the in1814 genome is converted to a latent state in which it is refractory to the action of all trans-activator proteins except Vmw110 (Harris & Preston, 1991) .
During latency in vivo Vmw65 is thought not to be present, thus reactivation must occur through a pathway that does not initially require this protein. Infection with in1814 provides a situation in which Vmw65 activity is absent or severely reduced; therefore the stimulation of IE RNA levels observed in tissue culture cells may represent the mechanism by which HMBA and DMSO enhance reactivation from ganglia (Whitby et al., 1987; Leib et al., 1989) . Determination of the molecular basis for the activity of HMBA on in1814 infection may reveal the primary events by which the compound affects the poorly understood process of reactivation. Alternatively, the response to HMBA may operate after the initial trigger for reactivation, simply by accelerating virus growth in explanted ganglia. The fact that the stimulation of reactivation of an HSV-1 mutant deleted for Vmw110 coding sequence is all or none (Leib et al., 1989) supports the former pathway, but it is possible that the results could be accounted for by the relatively small effect on replication of mutants that do not produce Vmw110 (dl1403 and in1825).
It appears that treatment with HMBA overcomes the effects of the mutation of in1814 by causing an increase in the accumulation of IE RNAs, bringing the levels close to those reached during infection with wt HSV-1. Studies are in progress to determine the cellular targets for the action of HMBA.
